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1
NON-CONTACT SEAL WITH ANGLED LAND

GOVERNMENT LICENSE RIGHTS

This disclosure was made with government support under
contract FA8650-09-D-2923-0021, awarded by the United

Stated Air Force. The government has certain rights in the
disclosure.

FIELD

The present disclosure relates to gas turbine engines and,
more particularly, to non-contact seal assemblies used 1n gas
turbine engines.

BACKGROUND

Gas turbine engines typically mnclude a compressor sec-
tion, a combustor section and a turbine section. During
operation, air 1s pressurized in the compressor section and
mixed with fuel and burned in the combustor section to
generate hot combustion gases. The hot combustion gases
are communicated through the turbine section, which
extracts energy from the hot combustion gases to power the
compressor section and other loads occurring within a gas
turbine engine. The compressor and turbine sections typi-
cally experience regions of high pressure between stationary
and rotating componentry, and seals may work to prevent or
mimmize leakage between the componentry.

SUMMARY

An apparatus for sealing a circumierential gap between a
stationary component and a rotating member 1s disclosed.
The rotating member 1s configured to rotate about a longi-
tudinal axis and have a radially outer surface disposed at a
first non-zero angle with respect to the longitudinal axis. The
apparatus includes a stator disposed circumierentially about
the longitudinal axis and a shoe configured for translation in
a radial direction with respect to the stator. The shoe includes
a circumierential surface and a plurality of protrusions
extending radially inward from the circumierential surface
toward the rotating member. Each of the plurality of pro-
trusions has a length configured to maintain a gap with
respect to the rotating member.

In various embodiments, the shoe 1s connected to the
stator by a beam having a first end connected to the stator
and a second end connected to the shoe. In various embodi-
ments, the circumierential surface 1s oriented substantially
parallel to the longitudinal axis. In various embodiments,
cach of the plurality of protrusions includes a tip portion
spaced a gap from the radially outer surface of the rotating
member. In various embodiments, each one of the plurality
ol protrusions includes a tip portion spaced a constant gap
from the radially outer surface of the rotating member. In
various embodiments, at least one of the plurality of pro-
trusions includes a tip portion disposed at a non-zero tip
angle with respect to the longitudinal axis. In wvarious
embodiments, the non-zero tip angle 1s equal to the first
non-zero angle. In various embodiments, the circumierential
surface 1s oriented at a second non-zero angle with respect
to the longitudinal axis. In various embodiments, the first
non-zero angle 1s equal to the second non-zero angle.

A gas turbine engine 1s disclosed. In various embodi-
ments, the gas turbine engine includes a compressor section
configured to rotate about a longitudinal axis. The compres-
sor section includes a rotating member having a radially
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outer surface disposed at a first non-zero angle with respect
to the longitudinal axis. A stator 1s disposed circumieren-

tially about the longitudinal axis. The gas turbine engine also
includes a shoe configured for translation 1n a radial direc-
tion with respect to the stator. The shoe includes a circum-
ferential surface and a plurality of protrusions extending
radially mmward from the circumierential surface toward the
radially outer surface of the rotating member. In various
embodiments, each of the plurality of protrusions 1s config-
ured to maintain a non-contact clearance with respect to the
radially outer surface of the rotating member.

In various embodiments, the shoe 1s connected to the
stator by a first beam and a second beam, each having a first
end connected to the stator and a second end connected to
the shoe. In various embodiments, the circumierential sur-
face 1s oriented substantially parallel to the longitudinal axis.
In various embodiments, the first non-zero angle 1s greater
than about one degree. In various embodiments, the first
non-zero angle 1s within a range from about one degree to
about five degrees. In various embodiments, each of the
plurality of protrusions includes a tip portion spaced a
constant clearance gap from the radially outer surface of the
rotating member. In various embodiments, the rotating
member 15 a spool. In various embodiments, at least one of
the plurality of protrusions includes a tip portion disposed at
a non-zero tip angle with respect to the longitudinal axis. In
various embodiments, the circumferential surface 1s oriented
at a second non-zero angle with respect to the longitudinal
axis. In various embodiments, the first non-zero angle 1s
equal to the second non-zero angle.

A gas turbine engine 1s disclosed. In various embodi-
ments, the gas turbine engine includes a rotating member
configured to rotate about a longitudinal axis, the rotating
member having a radially outer surface disposed at a first
non-zero angle with respect to the longitudinal axis. A stator
1s disposed circumierentially about the longitudinal axis. A
shoe 1s configured for translation in a radial direction with
respect to the stator. In various embodiments, the shoe
includes a circumierential surface and a plurality of protru-
sions extending radially mnward from the circumierential
surface toward the radially outer surface of the rotating
member, each one of the plurality of protrusions configured
to maintain a non-contact clearance with respect to the
radially outer surface of the rotating member. In various
embodiments, the shoe 1s connected to the stator by a first
beam and a second beam, each having a first end connected
to the stator and a second end connected to the shoe. In
various embodiments, the circumferential surface 1s oriented
substantially parallel to the longitudinal axis. In various
embodiments, the first non-zero angle 1s within a range from
about one degree to about five degrees.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

The subject matter of the present disclosure 1s particularly
pointed out and distinctly claimed 1n the concluding portion
of the specification. A more complete understanding of the
present disclosure, however, may best be obtained by refer-
ring to the following detailed description and claims in
connection with the following drawings. While the drawings
illustrate various embodiments employing the principles
described herein, the drawings do not limit the scope of the
claims.

FIG. 1 1s a schematic view of a gas turbine engine, in
accordance with various embodiments;

FIG. 2 1s a schematic view of a seal 1n accordance with
various embodiments;
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FIG. 3 1s a schematic view of a seal 1n accordance with
various embodiments; and

FIGS. 4A, 4B and 4C are schematic view of shoes

positioned adjacent rotating members 1n accordance with
various embodiments.

DETAILED DESCRIPTION

The following detailed description of various embodi-
ments herein makes reference to the accompanying draw-
ings, which show various embodiments by way of 1llustra-
tion. While these various embodiments are described in
suilicient detail to enable those skilled in the art to practice
the disclosure, 1t should be understood that other embodi-
ments may be realized and that changes may be made
without departing from the scope of the disclosure. Thus, the
detailed description herein 1s presented for purposes of
illustration only and not of limitation. Furthermore, any
reference to singular includes plural embodiments, and any
reference to more than one component or step may include
a singular embodiment or step. Also, any reference to
attached, fixed, connected, or the like may include perma-
nent, removable, temporary, partial, full or any other pos-
sible attachment option. Additionally, any reference to with-
out contact (or similar phrases) may also include reduced
contact or mimimal contact. It should also be understood that
unless specifically stated otherwise, references to “a,” “an”

an
or “the” may include one or more than one and that reference
to an 1tem 1n the singular may also include the item 1in the
plural. Further, all ranges may include upper and lower
values and all ranges and ratio limits disclosed herein may
be combined.

Referring now to the drawings, FIG. 1 schematically
illustrates a gas turbine engine 20. The gas turbine engine 20
1s disclosed herein as a two-spool turbofan that generally
incorporates a fan section 22, a compressor section 24, a
combustor section 26 and a turbine section 28. Alternative
engines might mclude an augmenter section (not shown)
among other systems or features. The fan section 22 drives
air along a bypass flow path B 1n a bypass duct defined
within a nacelle 15, while the compressor section 24 drives
air along a primary or core tlow path C for compression and
communication into the combustor section 26 and then
expansion through the turbine section 28. Although depicted
as a two-spool turbofan gas turbine engine in the disclosed
non-limiting embodiment, 1t will be understood that the
concepts described herein are not limited to use with two-
spool turbofans as the teachings may be applied to other
types of turbine engines, mcluding three-spool architectures.

The gas turbine engine 20 generally includes a low speed
spool 30 and a high speed spool 32 mounted for rotation
about an engine central longitudinal axis A relative to an
engine static structure 36 via several bearing systems 38. It
should be understood that various bearing systems 38 at
various locations may alternatively or additionally be pro-
vided and the location of the bearing systems 38 may be
varied as appropriate to the application. The low speed spool
30 generally includes an inner shaft 40 that interconnects a
fan 42, a low pressure compressor 44 and a low pressure
turbine 46. The 1nner shait 40 1s connected to the fan 42
through a speed change mechanism, which 1 this gas
turbine engine 20 1s 1llustrated as a geared architecture 48 to
drive the fan 42 at a lower speed than the low speed spool
30. The high speed spool 32 includes an outer shaft 50 that
interconnects a high pressure compressor 32 and a high
pressure turbine 34. A combustor 56 i1s arranged in the gas
turbine engine 20 between the high pressure compressor 352

10

15

20

25

30

35

40

45

50

55

60

65

4

and the high pressure turbine 54. A mid-turbine frame 57 of
the engine static structure 36 1s arranged generally between
the high pressure turbine 54 and the low pressure turbine 46.
The mud-turbine frame 57 further supports the bearing
systems 38 1n the turbine section 28. The mner shait 40 and
the outer shait 50 are concentric and rotate via the bearing
systems 38 about the engine central longitudinal axis A,
which 1s collinear with their longitudinal axes.

The air 1 the core flow path 1s compressed by the low
pressure compressor 44 and then the high pressure compres-
sor 52, mixed and burned with fuel 1n the combustor 56, and
then expanded over the high pressure turbine 54 and low
pressure turbine 46. The mid-turbine frame 57 includes
airfoils 39 that are in the core flow path C. The low pressure
turbine 46 and the high pressure turbine 34 rotationally drive
the respective low speed spool 30 and the high speed spool
32 1n response to the expansion. It will be appreciated that
cach of the positions of the fan section 22, compressor
section 24, combustor section 26, turbine section 28, and fan
drive gear system 48 may be varied. For example, the gear
system 48 may be located ait of the combustor section 26 or
even ait of the turbine section 28, and the fan section 22 may
be positioned forward or aft of the location of the gear
system 48.

Referring now to FIG. 2, a seal 200 1s 1llustrated accord-
ing to various embodiments. The seal 200 may be 1ncorpo-
rated 1nto one or more sections of a gas turbine engine, such

as, for example, the fan section 22, the compressor section
24 or the turbine section 28 described above with reference
to the gas turbine engine 20 1llustrated 1n FIG. 1. In various
embodiments, the seal 200 may include at least some of the
characteristics that are common among hydrostatic
advanced low leakage seals (or HALO™ seals), available
from Advanced Technologies Group, Inc. of Stuart, Fla.
Such characteristics may include the provisioning of one or
more floating, non-contact seals. In various embodiments,
the seal 200 includes a stator portion 202 configured for
coupling to fixed or stationary hardware relative to a rotating
member, such as, for example, a rotor or shaft or land or
spool. The stator portion 202 generally includes one or more
shoes 204 that are circumierentially spaced in a non-contact
position about the exterior of the rotating member. The shoes
204 are formed to have a sealing surface 206 proximate the
exterior surface of the rotating member.

Each of the shoes 204 typically includes a number of
spring elements 208. The spring elements 208 each include
an 1nner beam 210 and an outer beam 212, with the outer
beam 212 spaced radially outward of the mnner beam 210. A
first end 214 of each one of the inner beam 210 and the outer
beam 212 1s mounted to or integrally formed with the stator
portion 202 and a second end 216 1s mounted to or formed
integrally with a first stop 218. The first stop 218 1s con-
nected to or integrally formed with one of the shoes 204, and
has a first arm 220 configured to stop or abut against a first
shoulder 222 when radial travel of the shoes 204 has reached
a pre-determined maximum distance in the inward and
outward directions. Similarly, a second stop 224 1s con-
nected to or integrally formed with the shoes 204. The
second stop 224 1s circumierentially spaced from the first
stop 218 and positioned proximate the location at which the
inner beam 210 and the outer beam 212 connect to the stator
portion 202. The second stop 224 has a second arm 226
configured to stop or abut against a second shoulder 228
when radial travel of the shoes 204 has reached a pre-
determined maximum distance in the mmward and outward
directions.
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Referring now to FIG. 3, a cross sectional schematic view
of a seal 300, similar to the seal 200 described above with
reference to FIG. 2, 1s illustrated according to various
embodiments. The seal 300 may include a stator portion 302
configured for coupling to fixed or stationary hardware
relative to a rotating member 303 such as, for example, a
rotor or shatt or land or spool. The rotating member 303 may
be mounted for rotation about a longitudinal axis X-X', such
as the engine central longitudinal axis A referred to i FIG.
1. In various embodiments, the rotating member 303 may
comprise a low speed spool or a high speed spool, such as
the low speed spool 30 or the high speed spool 32 described
above with reference to FIG. 1. The stator portion 302
generally includes one or more shoes 304 that are circum-
terentially spaced in a non-contact position about the exte-
rior of the rotating member 303. The shoes 304 are formed
to have sealing structure 306 proximate the exterior surface
of the rotating member 303. In various embodiments, the
sealing structure 306 may include one or more protrusions
366, such as knife edges. Fach of the shoes 304 typically
includes a number of spring clements 308. In various
embodiments, the spring elements 308, similar to leaf
springs, each include an mner beam 310 and an outer beam
312, with the outer beam 312 spaced radially outward of the
inner beam 310. In accordance with various embodiments,
the seal 300 may include a spacer 330, a secondary seal 332,
which may include a first secondary seal 334 and a second
secondary seal 336, a secondary seal cover 338, a seal plate
340 and a carrier 342. In various embodiments, the seal 300
1s positioned within or connected to a static structure 344,
which may circumiferentially surround the seal 300. In
vartous embodiments, the seal 300 may comprise a non-
contact seal, configured to not contact the rotating member
303 or, in other words, to maintain a small gap.

With continued reference to FIG. 3, a fluid, such as air, for
example, may be present at a high pressure side 350 of the
seal 300 and at a low pressure side 332 of the seal 300. In
various embodiments, the fluid may traverse the seal 300 in
the axial direction from the high pressure side 350 to the low
pressure side 352 via a flow path 360 between the shoe 304
and the rotating member 303. On the high pressure side 350,
the secondary seal 332 restricts high-pressure fluid from
entering a gap 354 within the seal 300 and exerting a
downward force on the shoe 304 via the high-pressure tluid.
The gap 354 exists between and about the components
comprising the carrier 342, the outer beam 312, the 1ner
beam 310 and the shoe 304, with the shoe 304 configured to
translate radially in response to a fluid pressure against an
interior surface 362 of the shoe 304 or, more particularly, 1n
response to a pressure diflerence between the pressure
residing at the iterior surface 362 and the pressure residing,
at an exterior surface 364 of the shoe 304. Conversely, on the
low pressure side 352, the seal plate 340 may comprise a
plurality of apertures 358 that allow low-pressure fluid from
the low pressure side 352 of the seal 300 to flow into the gap
354 and exert a downward force on the shoe 304 via the low
pressure fluid on the interor surface 362. In various embodi-
ments, the exterior surface 364 of the shoe 304 1s a circum-
terential surface disposed annularly about the longitudinal
axis X-X'.

As described above, the seal 300 may comprise the shoe
304 attached to the stator portion 302 via the inner beam 310
and the outer beam 312. The mner beam 310 and the outer
beam 312 provide a spring force that resists movement of the
shoe 304 1n the radial direction, both toward and away from
the stator portion 302 and the rotating member 303. The
resistive nature of the spring force works 1n series with a
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6

pressure difference in the radial direction across the shoe
304, allowing the shoe 304 to translate 1n radially inward
and outward directions in response to fluctuations 1n oper-
ating pressures—e.g., the pressures at the high pressure side
350 and the low pressure side 352—and 1n the radial
position of the rotating member, which can fluctuate in
response to heat and angular momentum.

Still referring to FIG. 3, 1 various embodiments, a
radially outer surface 368 of the rotating member 303 1s
disposed at a non-zero angle 370 with respect to the longi-
tudinal axis X-X'. In various embodiments, a non-zero angle
370 with respect to the longitudinal axis X-X' results {from
internal stresses occurring within the rotating member 303
during operation and due, for example, to thermal loads or
angular momentum. In various embodiments, the non-zero
angle 370 may arise during operation due to thermal loads
or angular momentum, while during non-operation, the
rotating member 303 1s substantially cylindrical, meaning an
angle between the longitudinal axis X-X' and the radially
outer surface 368 is substantially zero (or lines defining the
ax1is and the surface are parallel and separated by a substan-
tially constant radial distance). In various embodiments, the
shoe 304 and sealing structure 306, which may include the
one or more protrusions 366, are configured to operably
engage with and provide a seal about the rotating member
303, where the member 1s configured to deform from a
substantially cylindrical shaped member during non-opera-
tion to a conical shaped member having a non-zero angle
370 with respect to the longitudinal axis X-X' during opera-
tion. In various embodiments, design of the rotating member
303 contemplates the radially outer surface 368 of the
rotating member 303 have a non-zero angle 370 with respect
to the longitudinal axis X-X' during both non-operation and
operation. In various embodiments, design of the rotating
member 303 contemplates the radially outer surface 368 of
the rotating member 303, including substantial portions of
the interior of the rotating member 303, have a non-zero
angle 370 with respect to the longitudinal axis X-X'. In
various embodiments, substantial achievements 1n reducing
deflection of the radially outer surface 368 of the rotating
member 303 during operation are realized where design of
the rotating member 303 contemplates the radially outer
surface 368 of the rotating member 303 having a non-zero
angle 370 with respect to the longitudinal axis X-X'. In other
words, 1n various embodiments, providing a non-zero angle
370 to the radially outer surface 368 of the land or rotating
member 303 during non-operation provides increased stifl-
ness to the land or rotating member 303 due to the compo-
nent having a conical shape as opposed to cylindrical shape
and, as such, reduces deflection of the land or rotating
member 303 during operation due to thermal loads and
angular momentum. The reduced deflection of the land or
rotating member 303 leads to reduced travel demand of the
shoe 304 in the radially inward and outward directions 1n
response to such detlection.

Referring now to FIGS. 4A, 4B and 4C, various embodi-
ments of a seal having a shoe are 1llustrated where the shoe
1s 1n non-contact relation with a rotating member 403 (e.g.,
a rotor or shait or land or spool) that includes a radially outer
surface 468 disposed at a non-zero angle 470 with respect to
a longitudinal axis X-X'. Referring to FIG. 4A, for example,
a scal 400q 1s 1illustrated having a shoe 404a positioned
adjacent the rotating member 403 including the radially
outer surface 468 disposed at a non-zero angle 470 with
respect to a longitudinal axis X-X'. The shoe 404a includes
one or more protrusions 466a extending radially inward
from an exterior surface 464a of the shoe 404a. Each of the
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protrusions 466a has a tip portion 467a disposed adjacent
the radially outer surface 468 of the rotating member 403. In
various embodiments, the protrusions 466a may be config-
ured to maintain a clearance gap 469a, within a threshold
amount, between the tip portion 467a of each of the pro-
trusions 466a and the radially outer surface 468 of the
rotating member 403. Maintaining a clearance gap 469q that
1s the same or constant among the various tip portions 467a
and the radially outer surface 468 disposed at a non-zero
angle 470 provides a more consistent seal across the axial
direction of the shoe 404a. According to various embodi-
ments, the non-contact relation contemplates a clearance gap
469a within a range from about 0.005 1nches (0.127 mm) to
about 0.020 inches (0.508 mm). According to various
embodiments, the clearance gap 469a 1s about 0.010 inches
(0.254 mm). In various embodiments, each of the tip por-
tions 467a of the one or more protrusions 466a exhibits a
clearance gap 469a having a constant value. In various
embodiments, the exterior surface 464a of the shoe 404a
defines a surface that 1s substantially parallel with the
longitudinal axis X-X'. In various embodiments, the radially
outer surface 468 1s disposed at a non-zero angle 470 with
respect to a longitudinal axis X-X', within a range from
about one degree to about five degrees.

Referring now to FIG. 4B, a seal 4005 1s 1llustrated having
a shoe 40456 positioned adjacent the rotating member 403
including the radially outer surface 468 disposed at a non-
zero angle 470 with respect to a longitudinal axis X-X'. The
shoe 404a 1s similar to the shoe 404a described above with
reference to FIG. 4A, except the shoe 4045 includes one or
more protrusions 4665 having a tip portion 4675 disposed at
a tip angle 471 with respect to the longitudinal axis X-X' that
1s substantially equal to the non-zero angle 470 between the
radially outer surface 468 of the rotating member 403 and
the longitudinal axis X-X'. In various embodiments, the tip
angle 471 1s equal to the non-zero angle 470. In various
embodiments, the protrusions 4665 may be configured to
maintain a clearance gap 4695, within a threshold amount,
between the tip portion 4675 of each of the protrusions 4665
and the radially outer surface 468 of the rotating member
403. According to various embodiments, the non-contact
relation contemplates a clearance gap 46956 within a range
from about 0.005 inches (0.127 mm) to about 0.020 inches
(0.508 mm). According to various embodiments, the clear-
ance gap 4695 1s about 0.010 inches (0.254 mm). In various
embodiments, each of the tip portions 4675 of the one or
more protrusions 4665 exhibits a clearance gap 4695 having
the same value. In various embodiments, an exterior surface
464b of the shoe 404b defines a surface that 1s substantially
parallel with the longitudinal axis X-X'". In various embodi-
ments, the radially outer surface 468 1s disposed at the
non-zero angle 470 with respect to a longitudinal axis X-X',
within a range from about one degree to about five degrees.

Referring now to FIG. 4C, a seal 400c¢ 1s 1llustrated having,
a shoe 404¢ positioned adjacent the rotating member 403
including the radially outer surface 468 disposed at a non-
zero angle 470 with respect to a longitudinal axis X-X'. The
shoe 404¢ 1s similar to the shoe 404a and the shoe 4045
described above with reference to FIGS. 4A and 4B, respec-
tively, except the shoe 404¢ includes an exterior surface
464¢ that 1s disposed at an angle 473 with respect to the
longitudinal axis X-X' that 1s substantially equal to the
non-zero angle 470 between the radially outer surface 468 of
the rotating member 403 and the longitudinal axis X-X'". In
various embodiments, the angle 473 1s equal to the non-zero
angle 470. In various embodiments, the shoe 404¢ includes
one or more protrusions 466¢ having a tip portion 467¢ that
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shares one or more of the characteristics described above
with reference to FIGS. 4A and 4B, including the clearance
gap values with respect to the radially outer surface 468 of
the rotating member 403. In various embodiments, each of
the protrusions 466¢ has a length 480 that 1s substantially
constant.

Finally, 1t should be understood that any of the above
described concepts can be used alone or 1n combination with
any or all of the other above described concepts. Although
various embodiments have been disclosed and described,
one of ordinary skill 1n this art would recognize that certain
modifications would come within the scope of this disclo-
sure. Accordingly, the description 1s not intended to be
exhaustive or to limit the principles described or illustrated
herein to any precise form. Many modifications and varia-
tions are possible 1n light of the above teaching.

Benefits, other advantages, and solutions to problems
have been described herein with regard to specific embodi-
ments. Furthermore, the connecting lines shown in the
various ligures contained herein are intended to represent
exemplary functional relationships and/or physical cou-
plings between the various elements. It should be noted that
many alternative or additional functional relationships or
physical connections may be present 1n a practical system.
However, the benefits, advantages, solutions to problems,
and any elements that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be
construed as critical, required, or essential features or ele-
ments of the disclosure. The scope of the disclosure 1s
accordingly to be limited by nothing other than the appended
claims, in which reference to an element in the singular 1s
not intended to mean “one and only one” unless explicitly so
stated, but rather “one or more.” Moreover, where a phrase
similar to “at least one of A, B, or C” 1s used 1n the claims,
it 1s intended that the phrase be interpreted to mean that A
alone may be present in an embodiment, B alone may be
present 1n an embodiment, C alone may be present in an
embodiment, or that any combination of the elements A, B
and C may be present in a single embodiment; for example,
A and B, A and C, B and C, or A and B and C. Diflerent
cross-hatching 1s used throughout the figures to denote
different parts but not necessarily to denote the same or
different materals.

Systems, methods and apparatus are provided herein. In
the detailed description herein, references to “one embodi-
ment”’, “an embodiment”, ‘“various embodiments™, etc., indi-
cate that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment
may not necessarily include the particular feature, structure,
or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular
feature, structure, or characteristic 1s described in connection
with an embodiment, 1t 1s submitted that it 1s within the
knowledge of one skilled in the art to affect such feature,
structure, or characteristic in connection with other embodi-
ments whether or not explicitly described. After reading the
description, 1t will be apparent to one skilled 1n the relevant
art(s) how to implement the disclosure 1n alternative
embodiments.

Furthermore, no element, component, or method step 1n
the present disclosure 1s mntended to be dedicated to the
public regardless of whether the element, component, or
method step 1s explicitly recited 1n the claims. No claim
clement herein 1s to be construed under the provisions of 35
U.S.C. 112(1) unless the element 1s expressly recited using
the phrase “means for.” As used herein, the terms “com-

prises”’, “comprising’, or any other variation thereof, are
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intended to cover a non-exclusive inclusion, such that a
process, method, article, or apparatus that comprises a list of
clements does not include only those elements but may
include other elements not expressly listed or inherent to
such process, method, article, or apparatus.

What 1s claimed 1s:

1. An apparatus for sealing a circumierential gap between
a stationary component and a rotating member configured to
rotate about a longitudinal axis, comprising:

a stator disposed circumierentially about the longitudinal

axis; and
a shoe configured for translation 1n a radial direction with
respect to the stator,
wherein the shoe includes a circumferential surface and
a plurality of protrusions extending radially inward
from the circumiferential surface toward the rotating
member, the rotating member having a radially outer
surface disposed at a non-zero angle with respect to
the longitudinal axis, each one of the plurality of
protrusions having a length configured to maintain a
constant clearance gap with respect to the rotating
member and a tip portion spaced a radial distance
equal to the constant clearance gap from the radially
outer surface of the rotating member,

wherein the shoe 1s connected to the stator by a first
beam and a second beam, each having a first end
connected to the stator and a second end connected
to the shoe and

wherein the circumierential surface 1s oriented parallel
to the longitudinal axis.

2. The apparatus of claim 1, wherein the shoe 1s config-
ured to translate 1n a direction perpendicular to the longitu-
dinal axis.

3. The apparatus of claim 2, wherein the radial distance 1s
0.005 1nches.

4. The apparatus of claim 2, wherein at least one of the
plurality of protrusions includes a tip portion disposed at a
non-zero tip angle with respect to the longitudinal axis.

5. The apparatus of claim 4, wherein the non-zero tip
angle 1s equal to the non-zero angle.

6. A gas turbine engine, comprising:

a compressor section configured to rotate about a longi-
tudinal axis, the compressor section including a rotat-
ing member having a radially outer surface disposed at
a non-zero angle with respect to the longitudinal axis;

a stator disposed circumierentially about the longitudinal
axis; and

a shoe configured for translation 1n a radial direction with
respect to the stator,
wherein the shoe includes a circumierential surface and

a plurality of protrusions extending radially inward
from the circumierential surface toward the radially
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outer surface of the rotating member, each one of the
plurality of protrusions configured to maintain a
constant clearance gap with respect to the radially
outer surface of the rotating member and a tip
portion spaced a radial distance equal to the constant
clearance gap from the radially outer surface of the
rotating member,

wherein the shoe 1s connected to the stator by a first
beam and a second beam, each having a first end
connected to the stator and a second end connected
to the shoe and

wherein the circumierential surface 1s oriented parallel
to the longitudinal axis.
7. The gas turbine engine of claim 6, wherein the non-zero
angle 1s greater than one degree.
8. The gas turbine engine of claim 6, wherein the non-zero
angle 1s within a range from one degree to five degrees.
9. The gas turbine engine of claim 7, wherein the rotating
member 15 a spool.
10. The gas turbine engine of claim 7, wherein at least one
of the plurality of protrusions includes a tip portion disposed
at a non-zero tip angle with respect to the longitudinal axis.
11. The gas turbine engine of claim 10, wherein the
non-zero tip angle 1s equal to the non-zero angle.
12. A gas turbine engine, comprising;:
a rotating member configured to rotate about a longitu-
dinal axis, the rotating member having a radially outer
surface disposed at a non-zero angle with respect to the
longitudinal axis;
a stator disposed circumierentially about the longitudinal
axis; and
a shoe configured for translation 1n a radial direction with
respect to the stator,
wherein the shoe includes a circumierential surface and
a plurality of protrusions extending radially inward
from the circumierential surtface toward the radially
outer surface of the rotating member, each one of the
plurality of protrusions configured to maintain a
constant clearance gap with respect to the radially
outer surface of the rotating member and a tip
portion spaced a radial distance equal to the constant
clearance gap from the radially outer surface of the
rotating member,

wherein the shoe 1s connected to the stator by a first
beam and a second beam, each having a first end
connected to the stator and a second end connected
to the shoe,

wherein the circumierential surface 1s oriented parallel
to the longitudinal axis and

wherein the non-zero angle 1s within a range from one
degree to five degrees.
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